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This article reports the first kinetics model for Supercritical Water Gasification

(SCWG) that describes the formation and interconversion of individual gaseous spe-

cies. The model comprises 11 reactions, and it uses a lumping scheme to handle the

large number of intermediate compounds. We determined numerical values for the rate

constants in the model by fitting it to experimental data previously reported for SCWG

of cellulose and lignin. We validated the model by showing that it accurately predicts

gas yields at biomass loadings and water densities not used in the parameter estima-

tion. Sensitivity analysis and reaction rate analysis indicate that steam-reforming and

water–gas shift are the main sources of H2 in SCWG, and intermediate species are the

main sources of CO, CO2, and CH4. VVC 2010 American Institute of Chemical Engineers

AIChE J, 56: 2412–2420, 2010
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Introduction

Developing methods to use the chemical energy in bio-

mass more readily is one pathway to a more sustainable

energy supply. Attractive features of biomass are that it is a

renewable resource available in large amounts in many areas

of the world, the eventual oxidation of its carbon atoms does

not increase the net amount of CO2 in the atmosphere, and

many biomass feedstocks are wastes that would be elimi-

nated in the process of converting them to fuels.

Gasification is one approach for biomass utilization. In

conventional gasification, biomass is converted into H2, CH4,

CO, CO2, char, and tar.1–3 The char and tar represent a loss

of useful carbon, and the tar can be difficult to separate from

the product gas stream.4,5 Another drawback in conventional

biomass gasification is the energy required to dry biomass

feedstocks, which very often have more than 50% moisture.6

The thermal efficiency of conventional gasification drasti-

cally decreases as the biomass moisture content increases.7

Supercritical Water Gasification (SCWG) has been pro-

posed as an alternative approach that avoids these difficulties.

In this process, water above its critical point (374�C and 22

MPa) is the medium for gasification reactions. The presence

of supercritical water (SCW) fundamentally changes the gasi-

fication process. SCW can dissolve cellulose and lignin, the

main components of woody biomass, and thereby create a ho-

mogeneous medium in which hydrolysis reactions domi-

nate.4,8–10 As a result, the amount of by-products (such as char

and tar) is minimized, leading to higher gas yields.8,11–14

Rate laws and kinetic parameters are essential for the

design of reactors and estimation of product distribution.

The few previous kinetic models8,15–18 for SCWG focus

solely on gasification yields or feedstock conversion, without

capturing the pathways leading to formation and interconver-

sion of gas species. There are no published kinetic models

dealing with individual gas yields for SCWG. As a result,

little is known about the rates of different potential reaction

paths. For instance, the methanation reaction takes place

under SCWG conditions, but it is not known whether most

of the CH4 formed actually originates from methanation or

possibly from other gasification routes, such as direct pyro-

lytic cleavage of methyl groups present in lignin. If most of

the CH4 originates from methanation, how close to equilib-

rium is this reaction at typical SCWG conditions? Could cat-

alysts be used to increase CH4 yields? These are some of the

questions one could begin to answer with the aid of a reli-

able kinetic model that includes information about yields of

individual gaseous products.
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We developed a kinetic model for noncatalytic SCWG of

commercially available microcrystalline cellulose and orga-

nosolv lignin and fit it to experimental data obtained in

quartz reactors.19 By using quartz, we avoided unintentional

catalytic contributions from metallic reactor walls. One

objective of this modeling work is to identify the reaction

pathways leading to the formation of specific gases and to

quantify rates of formation. The first part of this article

describes the reaction pathways in the model. The second

part describes the parameter estimation procedure, results,

and comparisons of model predictions with experimental

measurements. In the final part, we use the model to identify

the reactions that are most important for forming the differ-

ent gases.

Model Development

The model is based on reaction pathways proposed in the

literature for SCWG. It focuses on reactions involving gas

species and simplifies reactions involving larger intermediate

compounds by defining a generic intermediate species into

which all actual intermediates are lumped. Following, we

define the reactions involved in the model.

Reaction 1. Hydrolysis

For Cellulose : ðC6H10O5Þn þ nH2O �!
k1

nC6H12O6

For Lignin : ðC10H10O3Þn þ nH2O �!
k1

nC10H12O4

When cellulose (or lignin) is in water at supercritical con-

ditions, the first step1 is solvation of the biomacromolecules.

This physical process takes place simultaneously with hydro-

lytic attack on the macromolecular structures. This very fast

step often leads to the formation of oligomers, such as cello-

biose and cellotriose originating from cellulose. These

oligomers can be further hydrolyzed. For the purpose of this

model, we assume that hydrolysis leads directly and solely

to monomers. The monomer for cellulose is glucose, and the

monomer for lignin is based on the elemental composition

of organosolv lignin.20 Sasaki et al.21 showed that cellulose

is completely converted in water at 350�C and 25 MPa after

only 4 s. Bobleter22 reported that over 90% of lignin disap-

pears after only 0.4 min at 365�C. Given this literature data,

we take the initial reactant to be the monomer instead of the

biopolymer itself.

Reaction 2. Intermediate Formation.

Monomer �!
k2

CxHyOz

Once the monomer is formed, it can undergo a variety of

reactions leading to numerous decomposition products. Glu-

cose, for instance, can undergo isomerization, dehydration,

retro-aldol condensation, and hydrolysis.4,13 A key concept

in this model is the treatment of all the different intermedi-

ate compounds as a single pseudo-component. Rather than

monitoring and explicitly accounting for every possible in-

termediate compound, we adopted this lumping scheme for

the intermediates. We define the intermediate species as

CxHyOz, which represents any nonpermanent gas originating

from the biomass that is capable of reacting further. These

intermediates ultimately lead to the formation of gases.

Reactions 3 and 4. Steam-Reforming.

Steam-Reforming I

CxHyOz þ ðx� zÞH2O �!
k3

xCOþ ðx� zþ y=2ÞH2

Steam-Reforming II

CxHyOz þ ð2x� zÞH2O �!
k4

xCO2 þ ð2x� zþ y=2ÞH2

One of the ways organic compounds form gases in the

presence of water is via steam-reforming. The intermediate

CxHyOz reacting with water leads to CO and H2 (Steam-

reforming I), or CO2 and H2 (Steam-Reforming II). To han-

dle the stoichiometry in the steam reforming calculations in

the model, we take the intermediate species to have the

same chemical composition as the original monomer.

Reactions 5 to 8. Intermediate Decomposition.

CO from Intermediate CxHyOz �!
k5

COþ CxHyOz

CO2 from intermediate CxHyOz �!
k6

CO2 þ CxHyOz

CH4 from intermediate CxHyOz �!
k7

CH4 þ CxHyOz

H2 from intermediate CxHyOz �!
k8

H2 þ CxHyOz

Our experimental results19 suggest that steam-reforming

alone cannot accurately describe the way gases are formed in

noncatalytic SCWG. There are multiple ways the intermediates

can decompose to form gases. For instance, in the case of lig-

nin decomposition, methyl groups in the intermediates can be

cleaved thermally, directly leading to the formation of CH4. To

account for these pathways, we introduced the possibility of

direct formation of the gas species from the lumped intermedi-

ates. Also, each intermediate molecule can undergo decompo-

sition reactions multiple times, releasing small molecules such

as H2 or CO and creating a new intermediate molecule each

time. Since all intermediates are lumped together, however,

there is no net consumption of intermediates in these steps.

Reaction 9. Char Generation.

CxHyOz �!
k9

Char

Intermediate species in SCWG can react to form com-

pounds that eventually become char. In our model, we lump

all such compounds together and refer to them collectively

as char. We assume that these molecules do not react to

form gases.

Reactions 10 and 11. Gas species interconversion.

Water–Gas Shift COþ H2O $ CO2 þ H2

Methanation COþ 3H2 $ CH4 þ H2O

Once the gas species are formed, reactions 10 and 11 can

change their relative amounts. The water–gas shift reaction

consumes CO and is thought to be one of the main reaction

pathways for the production of H2. Likewise, methanation is

often invoked as an important route for the formation of CH4.

Water–gas shift and methanation are the only reversible reac-

tions in this model. We considered the possibility of adding

other typical gasification reactions such as hydrogenation and
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the Boudouard reaction, but equilibrium calculations done in

ASPEN Plus showed that these reactions do not take place to

any appreciable extent at the conditions of this work (500–

600�C). These calculations are described elsewhere.23

The rate equation for each reaction was assumed to be

first order in the concentration (C) of each species in the

reaction. We used isothermal constant-volume quartz batch

reactors for all experiments, so the reaction engineering anal-

ysis is straightforward. Following are the mole balance equa-

tions for each of the species.

dCCO2

dt
¼ xk4CICW þ k6CI þ k10CCOCW � k10rCCO2

CH2
(1)

dCCO

dt
¼ xk3CICW þ k5CI � k10CCOCW þ k10rCCO2

CH2

� k11CCOCH2
þ k11rCCH4

CW ð2Þ

dCCH4

dt
¼ k7CI þ k11CCOCH2

� kI lirCCH4
CW (3)

dCH2

dt
¼ ðx� yþ y=2Þk3CICW þ ð2x� zþ y=2Þk4CICw

þ k8CI þ k10CCOCW � k10rCCO2
CH2

� 3k11CCOCH2

þ 3k11rCCH4
CW ð4Þ

dCI

dt
¼ k2CM � k3CICW � k4CICW � k9CI (5)

dCM

dt
¼ �k2CM (6)

dCW

dt
¼ �ð2x� zÞk4CICW � k10CCOCW þ k10rCCO2

CH2

þ k11CCOCH2
� k11rCCH4

CW ð7Þ

The subscripts I, M, and W represent the lumped interme-

diate compounds, the lignin or cellulose monomer, and

water, respectively.

Results and Discussion

This section provides results from the model parameter

estimation and then assesses the predictive ability of the

model. The final portions present results from the model

being exercised to reveal the fastest reaction paths and the

paths to which the model predictions are most sensitive.

Parameter estimation

The temporal variation of the experimental gas concentra-

tions (CH4, CO2, CO, and H2) at the ‘‘base case’’ conditions

in our previous article19 for cellulose and lignin were used

to determine the model parameters. The base case conditions

are 500�C (cellulose), 600�C (lignin), 0.08 g/ml water den-

sity, and 9.0 wt % biomass loading. We take the term bio-

mass to include the lignin and cellulose fractions of interest

in this article. Experiments were performed from 2.5 to 30

minutes for cellulose, and from 2.5 to 75 minutes for lignin.

These data were obtained in a kinetically controlled region

for SCWG as the system was far from equilibrium and likely

free of any mass transfer limitations on the observed rates.

For the SCWG experiments,19 the average particle size for

cellulose was 116 lm, and for lignin it was 289 lm. Sim-

mons and Gentry24 showed that pyrolysis of cellulose in the

range 450–500�C is free from mass transfer limitations for

particles as large as 200 lm. Vamvuka et al.25 performed

TGA for several biomass feedstocks and measured kinetics

without mass-transfer limitations using particles of 250 lm.

On the basis of this literature, we believe that mass transfer

limitations can be safely neglected in this study.

The objective function that was minimized is the

unweighted sum of the squared differences between calculated

and measured concentrations of the four gases. Scientist 3.0

from Micromath was used to fit the experimental data. Initial

guesses for the rate constants were found manually by a trial-

and-error method. Polymath 5.1 was used for the model simu-

lations after the rate constants were determined.

The rate constants determined from the experimental

SCWG data were k2, k3, k4, k5, k6, k7, k8, k9, k10, and k11.
The rate constants for the reverse reactions (k10r and k11r)
were related to the forward rate constants (k10 and k11) by

the equilibrium constant K:

kr ¼
kf

K
(8)

The equilibrium constants for the water–gas shift and

methanation reactions were calculated using output from the

REQUIL reactor block in ASPEN Plus. This block provides

Figure 1. Base case fitting for cellulose SCWG (500�C, 0.08 g/ml, 9.0 wt %).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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equilibrium concentrations for a given reaction, from which

we calculated K10 (equilibrium constant for the water–gas

shift) and K11 (equilibrium constant for methanation) using

Eqs. 9 and 10:

K10 ¼
CH2

:CCO2

CCO:CH2O

(9)

K11 ¼
CCH4

:CH2O

CCO:C
3
H2

(10)

For the water–gas shift reaction, the equilibrium constant

was 5.15 at 500�C and 2.68 at 600�C. For methanation, the

equilibrium constant was 3.62 � 105 l2/mol2 at 500�C and

1.02 � 104 l2/mol2 at 600�C. Additional details about these

equilibrium constant calculations are available elsewhere.23

Figures 1 and 2 show the base case experimental results

along with the model calculations for cellulose and lignin.

Table 1 lists the rate constants. CO is rapidly formed in the

initial minutes, reaches a maximum, and then is consumed at

longer times. The CO2 and CH4 formation rates are also

high in the initial minutes, but they become much lower at

longer times. The yield of H2 increases steadily for cellulose,

whereas for lignin it increases more rapidly during the initial

minutes. The model clearly captures the trends in the data

and fits the temporal variation of the gas yields at the base

case conditions very well for both cellulose and lignin.

In addition to adequately fitting the experimental data, one

expects a kinetics model to use rate constants that have rea-

sonable values. Of all the reactions in the model, only the

water–gas shift reaction has been the subject of kinetics

studies e.g.,26–28 in supercritical water. Only the work of

Rice et al.,26 however, provides experimental kinetics data

from studies that encompass a temperature (500�C) and the

water density (0.08 g/cm3) used to determine the model pa-

rameters. Rice et al.26 measured the rate constant at 520 and

480�C for many different water concentrations (densities)

and showed that the rate constant has a very strong density

dependence. Using their data, we estimated rate constant val-

ues at 0.08 g/cm3 for both 480 and 520�C. We then used

these values and the Arrhenius equation to estimate the rate

constant at 0.08 g/cm3 and 500�C. The value we obtain is

1.5 � 10�3 L mol�1 min�1, which is the same order of mag-

nitude as the value we obtained by fitting the model to the

cellulose gasification data at 500�C (see value for k10 in Ta-

ble 1). We consider this level of agreement with the litera-

ture to be very good, given that the water–gas shift rate con-

stants from different experimental studies at a given temper-

ature varied by as much as two orders of magnitude.28 We

are aware of no kinetics studies of the water gas shift reac-

tion at 600�C, so we cannot compare this value with previ-

ous experiments.

Figure 2. Base case fitting for lignin SCWG (600�C, 0.08 g/ml, 9.0 wt %).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Rate Constants at 500�C (Cellulose) and 600�C
(Lignin)

Cellulose Lignin

k2 (min�1) 2.00 � 100 1.67 � 100

k3 (min�1) or (L mol�1 min�1) 1.16 � 10�3 5.00 � 10�4

k4 (L mol�1 min�1) 0.00 � 100 2.73 � 10�3

k5 (min�1) 2.47 � 10�1 5.39 � 10�1

k6 (min�1) 4.25 � 10�1 7.67 � 10�1

k7 (min�1) 1.11 � 10�1 9.42 � 10�1

k8 (min�1) 2.68 � 10�3 0.00 � 100

k9 (min�1) 4.65 � 10�1 9.38 � 10�1

k10 (L mol�1 min�1) 6.11 � 10�3 2.80 � 10�3

k10r (L mol�1 min�1) 1.19 � 10�3 1.05 � 10�3

k11(L mol�1 min�1) 0.00 � 100 7.71 � 10�2

k11r (L mol�1 min�1) 0.00 � 100 7.52 � 10�6

Figure 3. Model predictions for gas yields from cellulose

(10 min for wt %, 7.5 min for g/ml) and lignin

SCWG (75 min for wt %, 60 min for g/ml).
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One expects rate constants to increase as the temperature

increases, but the water–gas shift rate constants from the

model in Table 1 do not meet this expectation. We believe

that this behavior results from uncertainty in the rate con-

stant estimates rather than from actual non-Arrhenius behav-

ior for this reaction. Given that the precise values obtained

for the water–gas shift kinetics in the model depend on the

values of all other parameters (because of the covariance

between parameters) it is likely that, if desired, a set of pa-

rameters could have been obtained that included an Arrhe-

nius dependence for water–gas shift. We did not consider

this feature to be a requirement since it was not central to

the purposes of our modeling effort.

Model validation

Having demonstrated that the model can fit the base case

data for cellulose and lignin, we next test its predictive capa-

bilities. In this section we use the model to predict the results

of SCWG experiments done at the base case temperatures but

different water densities or biomass loadings. We also use the

model to predict equilibrium compositions for SCWG.

We used the model to predict the gas yields from SCWG

at the base case temperatures but at different biomass loadings

(5.0 and 33.3 wt %) and different water densities (0.00 g/ml,

0.05 g/ml, 0.18 g/ml). Figure 3 is a parity plot that compares

the experimental19 and predicted yields. If the model predic-

tions were perfect, all of the data would fall on the diagonal

line shown. Figure 3 shows that the model can predict the

results for most of the gas yields at the different biomass

loadings for both cellulose and lignin with good proximity.

The model seems to perform worst for the case of pyrolysis

(0.00 water density). Even here, however, the model predic-

tions often fell within the experimental uncertainty.

We next compare experimental results and model predic-

tions regarding how the gas yields change with biomass

loading and water density. For cellulose, the model predicts

very little effect of the biomass loading on yields. This find-

ing is in good agreement with experiments.19 Since there

was no effect, we do not compare these results in a separate

graph. For lignin, the biomass loading has a larger effect on

some gas yields, as shown in Figure 4. The model captures

the slight decreases in the H2 and CO yields as the lignin

loading increases, as well as the slight increase in CH4. The

CO2 yield appears to remain loading invariant.

The effect of water density on gas yields is shown for cel-

lulose in Figure 5 and for lignin in Figure 6. The model

identifies the main trends for cellulose and lignin, matching

the experimental trends reasonably well in most cases. The

CO yield decreases with water density, while the H2 yield

increases. The CO2 yield slightly increases with water den-

sity, and the CH4 yield remains nearly unchanged. The

Figure 4. Effect of lignin loading (75 min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Effect of water density for cellulose (7.5 min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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largest differences between experimental data and model

predictions are for pyrolysis and at the highest water density,

0.18 g/ml (especially for cellulose). These differences are

possibly because of the documented26,27 dependence of the

water–gas shift kinetics on the water density. The model

uses a rate constant for water–gas shift that is density inde-

pendent.

Having tested the model by making predictions at different

biomass loadings and water densities at different times, we

now turn our attention to equilibrium. If the model includes

the essential set of gas-phase reactions for SCWG, it should be

able to predict the equilibrium product distributions. We simu-

lated equilibrium SCWG by running the kinetics model to

very long batch holding times (40,000 min for lignin), such

that the yields became time invariant. That such a long reac-

tion time was needed to reach equilibrium clearly indicates

that the gaseous products were far from equilibrium at the

much shorter reaction times investigated experimentally.

Good catalysts for water–gas shift and methanation would be

essential for reaching equilibrium more quickly.

We previously reported19 equilibrium compositions for

lignin SCWG at the base case conditions based upon mini-

mizing the Gibbs’ free energy of the system. We used the

RGIBBS block in ASPEN Plus to perform the chemical

equilibrium calculations. No experimental data were used in

this calculation, and no specific chemical reactions were

entered. Thus, comparing the model predictions with these

earlier ASPEN calculations will assess whether the model

includes enough information about the gas-phase reactions.

Figure 7 shows that the model predictions agree extremely

well with the thermodynamic chemical equilibrium calcula-

tions for lignin at the base case conditions (600�C). In both

cases, H2 and CO2 are the major products (35–45% each),

with about 25% of CH4 and a very small mole % of CO.

It is important to make a note here about the water–gas

shift reaction in SCW. Under more conventional gasification

conditions, the water–gas shift reaction at this temperature

would produce a much higher mole fraction of CO at equi-

librium. In SCW, however, equilibrium is shifted strongly in

the direction of CO consumption. Thus, SCWG could be

very useful for making H2 with a very low CO content (e.g.,

for use in PEM fuel cells).

This section showed that the kinetics model can predict the

outcomes of experiments for a range of biomass loadings and

water densities, and that equilibrium predictions also agree

with thermodynamic calculations. Additionally, Resende23

showed that the model predictions for the effects of biomass

loading and water density on the equilibrium compositions

agreed reasonably well with the results from Gibbs free energy

minimization. These successes indicate that the reactions

included in the model and the parameter estimates are

adequate for describing the noncatalytic SCWG of lignin and

cellulose under the conditions explored herein.

Figure 6. Effect of water density for lignin (60 min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Equilibrium composition for lignin, base case.

Figure 8. Rates of formation/consumption for H2 (cellu-

lose, 500�C, 9.0 wt % loading, 0.08 g/ml).
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Reaction rate analysis

The previous sections showed that the model could faith-

fully reproduce the data used to determine its parameters

and that it could predict gas yields and compositions at

SCWG conditions not used in the parameter estimation. We

now use the model to identify the individual reactions most

responsible for the formation and consumption of each gas

species during the course of noncatalytic SCWG. More spe-

cifically, we calculated the rate of each reaction in the model

and then compared the rates for all reactions that produce or

consume a specific gaseous product. We show results (Fig.

8–12) for all four gases for cellulose SCWG, but only for H2

for lignin SCWG. The reactions with the highest rates for

CO, CO2, and CH4 production were the same for both lignin

and cellulose.

Inspection of Figures 8–12 reveal that SCWG at the base

case conditions can be viewed as occurring in two distinct

temporal regions. At short times (the first few minutes), the

gas formation rates reach their highest values. Beyond the

first few minutes, the gas production rate is always lower,

and the dominant reactions are ones that primarily change

the product distribution. For H2, the high rates of formation

in the first minutes are because of steam reforming. Steam

reforming I (forming CO) dominates for cellulose, whereas

steam reforming II (forming CO2) dominates for lignin. In

both cases, the rate of steam reforming quickly decreases af-

ter a few minutes, and the forward rate of the water–gas

shift reaction becomes the fastest producer of H2 at longer

periods of time. After reaching a maximum at about 7–8

minutes, the rate of water–gas shift slowly decreases with

time. The model results show that the other gas species orig-

inate primarily from the collection of lumped intermediates.

Direct formation of CH4 from the intermediate is the most

important reaction for CH4 formation. It appears that a cata-

lyst would be required for the rate of methanation to proceed

at a competitive rate. The lumped intermediates are also the

main source of CO. Smaller contributions arise from steam-

reforming I. The model also indicates that the water–gas

shift reaction consumes CO at longer times. The CO2 origi-

nates from intermediates during the first few minutes, but it

can also be formed at much smaller rates from water–gas

shift at longer times. A key result from this reaction rate

analysis is the importance of gas-forming reactions from the

numerous intermediate compounds.

Sensitivity analysis

A second tool to examine the relative importance of dif-

ferent reaction paths is sensitivity analysis. It reveals how

Figure 9. Rates of formation/consumption for CH4 (cel-

lulose, 500�C, 9.0 wt % loading, 0.08 g/ml).

Figure 10. Rates of formation/consumption for CO (cel-

lulose, 500�C, 9.0 wt % loading, 0.08 g/ml).

Figure 11. Rates of formation/consumption for CO2 (cel-

lulose, 500�C, 9.0 wt % loading, 0.08 g/ml).

Figure 12. Rates of formation/consumption for H2 (lig-

nin, 600�C, 9.0 wt % loading, 0.08 g/ml).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the predictions of a model (concentration of species i (Ci) in

this case) change when the value of a single model parame-

ter (rate constants (kj) in this case) is slightly perturbed. The

normalized sensitivity coefficient, Sij, captures this influence

of the parameter kj on the outcome, and it can be defined as

in Eq. 11:

Si;j ¼
@ lnCi

@ ln kj
¼

DCi

�

Cj

Dkj=kj
(11)

We calculated the sensitivity coefficients manually by per-

turbing each rate constant by 5% one at a time, running the

kinetics model, and recording DCi for each gaseous product

for each case. The reaction rate analysis showed that differ-

ent reactions dominate noncatalytic SCWG at short times

and at longer times. Therefore, we examined the sensitivities

at both short times (1 min) and long times (30 min for cellu-

lose and 75 minutes for lignin). Tables 2 and 3 show the

results and only sensitivity coefficients with an absolute

value exceeding 0.1 are included. These reactions are the

ones in which the relative change in gas concentration was

at least 10% as large as the relative change in the rate con-

stant.

At 1 min, the concentrations of CO, CO2, and CH4 from

both lignin and cellulose are most sensitive to the rate of

formation of these gases from the many lumped intermediate

compounds. The sensitivity coefficients are nearly equal to

unity. Their positive value means that increasing the rate

constant for one of these reactions will increase the calcu-

lated gas concentration. This result is an important one

because it indicates that the hydrothermal reactions of inter-

mediate compounds are very important for producing gases

via noncatalytic SCWG. The concentration of H2 at 1 min

from both lignin and cellulose was most sensitive to the rate

constants for steam reforming.

At long times, the concentrations of CO, CO2, and CH4

still displayed strong sensitivity to the rate constants for their

formation from intermediates, but there was often an even

stronger sensitivity to the rate constant for the reaction

wherein intermediates formed char. Likewise, the H2 concen-

tration at long times showed a large sensitivity to the rate

constant for char formation, but it was also sensitive to the

water–gas shift kinetics and the rate constant for CO forma-

tion from intermediates. Of course, CO is a reactant in the

water–gas shift reaction, so these latter two sensitivities are

related. A key result from this sensitivity analysis at long

times is that the competition between char formation and gas

formation has a profound influence on the gas yields from

noncatalytic SCWG of lignin and cellulose. Again we see

the hydrothermal reactions of the species lumped together as

intermediates in this model being central to the determina-

tion of gas yields and compositions.

Conclusions

(1) This article presents the first quantitative kinetics

model for gas production from noncatalytic SCWG of bio-

mass components. The set of 11 reactions and the concept

of a generic reactive intermediate proved sufficient for fit-

ting the base case experimental data for the cellulose and

lignin samples investigated and predicting gas con-

centrations at different biomass loadings and water den-

sities. The model’s equilibrium predictions agree with

Table 2. Sensitivity Coefficients for Cellulose SCWG at Base Case Conditions

Reaction

CO CO2 CH4 H2

1 min 30 min 1 min 30 min 1 min 30 min 1 min 30 min

Intermediate Formation 0.225 – 0.230 – 0.228 – 0.255 –
Steam-Reforming I 0.177 – – – – – 0.979 0.214
Steam-Reforming II – – – – – – – –
CO from Intermediate 0.887 0.873 – 0.216 – – – 0.669
CO2 from Intermediate – – 0.993 0.753 – – – –
CH4 from Intermediate – – – – 1.000 1.023 – –
H2 from Intermediate – – – – – – – –
Char Formation �0.131 �1.008 �0.129 �0.931 �0.130 �0.921 �0.119 �0.944
Water-gas Shift – �0.678 – 0.166 – – – 0.553
Methanation – – – – – – – –

Table 3. Sensitivity Coefficients for Lignin SCWG at Base Case Conditions

CO CO2 CH4 H2

Reaction 1 min 75 min 1 min 75 min 1 min 75 min 1 min 75 min

Intermediate Formation 0.496 – 0.501 – 0.499 – 0.503 –
Steam-Reforming I – – – – – – – –
Steam-Reforming II – – – – – – 0.864 0.373
CO from Intermediate 0.963 0.930 – 0.247 – – – 0.355
CO2 from Intermediate – – 0.868 0.646 – – – –
CH4 from Intermediate – – – – 0.999 0.966 – –
H2 from Intermediate – – – – – – – –
Char Formation �0.635 �0.884 �0.637 �0.930 – �0.966 �0.637 �0.760
Water-gas Shift – �0.844 – 0.160 – – – 0.410
Methanation – – – – – – – �0.179
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thermodynamic calculations, and the rate constants

obtained for the water–gas shift reaction are in the same

range as values reported from careful investigations of this

reaction in supercritical water. This modeling framework

may be useful for SCWG of other biomass materials and

for catalyzed SCWG systems.

(2) The model showed that the identities of the fastest

SCWG reaction paths differ at short times and at longer

times. Paths responsible for gas formation from intermedi-

ates are most important at short times, whereas paths that

redistribute the different gases (e.g., water gas shift) become

most important at longer times.

(3) H2 is mostly formed via steam-reforming at short

times and from water–gas shift at longer times. CO, CO2

and CH4, on the other hand, form predominantly via hydro-

thermal reactions of the many intermediate species. Steam

reforming is not the major contributor to either CO or CO2.

(4) The model results show clearly that the reactions of

intermediates, compounds smaller than the biomass mono-

mer but larger than the C1 gases, largely determine the out-

come of noncatalytic SCWG. Therefore, improved knowl-

edge about the reactions of small organic compounds under

SCWG conditions could lead to an improved understanding

of the key aspects of the operative chemistry.
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